We present optical photometry and spectroscopy from about a week after exhibit insignificant levels of oxygen, which is otherwise expected from a massive progenitor. This might be suggestive of the non-monotonical link between O-core masses and the zero-age main-sequence mass of pre-supernova stars and/or uncertainties in the mixing scenario in the ejecta of supernovae.
phases, and to high velocity H I when observed at late phases, possibly arising from weak circumstellar interaction (Baron et al. 2000; Leonard et al. 2002a; Chugai et al. 2007; Valenti et al. 2014; Gutiérrez et al. 2017) . The spectra obtained at late times are also an useful diagnostic to probe the core of the progenitor star. Maguire et al. (2012) and Jerkstrand et al. (2012 Jerkstrand et al. ( , 2014 compared their spectral synthesis models with the nebular spectra of SNe II, and estimated progenitor masses which are in good agreement with the mass estimates from direct detection of progenitor. More recently, Silverman et al. (2017) carried out the analysis of 91 nebular spectra of 38 SNe IIP suggesting that SNe IIP with more massive progenitors have an extended oxygen layer that is well-mixed with the hydrogen layer.
Although, the observed properties of SNe IIP seem to follow a continuous trend, a handful of peculiar events display rare characteristics in their light curves or spectra. SN 2016X, showcased a long rise time to the R-band peak (12.6 ± 0. SNe, while exhibiting a significantly higher luminosity, comparable to those of intermediate luminosity events (Gandhi et al. 2013) . The early spectra of SN 2013am featured relatively narrow P-Cygni profiles and prominent Ca II and Ba II lines, similar to the low luminosity and low velocity SN 2005cs, while with a shorter plateau phase and brighter light curve tail, the photometric properties of this event deviated from those of SN 2005cs (Zhang et al. 2014; Tomasella et al. 2018) . These controversial properties of SNe IIP motivated the study of each of them in greater detail.
In this paper, we present the detailed analysis of SN 2015ba, a relatively bright SN IIP, which exploded in the nearly edge-on galaxy IC 1029. The paper is structured as follows:
Section 2 presents the data and a short overview of the reduction procedure; in Section 3, the distance, explosion epoch and the reddening towards SN 2015ba is extensively discussed.
The light and colour curves are illustrated in Section 4. The distance to SN 2015ba is estimated using the Expanding Photosphere Method (EPM) and Standard Candle Method (SCM) in Section 5. The temperature and radius evolution is discussed in Section 6. The spectral evolution, SYN++ modelling and line velocities are discussed in Section 7. The bolometric light curve, 56 Ni mass yield and the progenitor properties derived using analytical and hydrodynamical modelling are given in Section 8. Finally, a short summary of the work is presented in Section 9.
2 SN 2015BA: DATA AND REDUCTION The details of SN 2015ba and its host galaxy IC 1029 are given in Table 1 .
Our observing campaign of SN 2015ba was triggered 3 days after the discovery, using instruments equipped with broadband BVRI and ugriz filters listed in Table A1 . High cadence photometric data were obtained up to 266 d from discovery, beyond which the SN was below the detection limit of 1-2 m class telescopes. The images were pre-processed and reduced as discussed in Appendix A and night to night zero-points calculated using the local standards (see Figure A2 and Table A2 ) were applied to obtain the final SN magnitudes as listed in Table A3 . The spectroscopic monitoring was conducted at 27 epochs from a number of facilities as listed in Table A1 and the log of spectroscopic observations is presented in Table B1 .
PARAMETERS OF SN 2015BA

Distance
Using the recessional velocity v V ir = 2664 ± 3 km s −1 given in HyperLeda (Makarov et al. 2014) 2 and Hubble constant H 0 = 73.24 ± 1.74 km s −1 Mpc −1 (Riess et al. 2016) , we obtain a Virgo infall distance of about 36.4 ± 0.9 Mpc. Further, we implement the Expanding Photosphere Method (EPM) and the Standard Candle Method (SCM) to estimate the distance from early photometric and spectroscopic observations. This will be discussed in detail in Section 5. The EPM and SCM provides a distance of 36.6 ± 1.9 Mpc and 30.1 ± 1.4 Mpc, respectively. We take the weighted mean of distances estimated using the three methods (listed in Table 2 ), and we hereafter adopt a distance of 34.8 ± 0.7 Mpc, corresponding to a distance modulus µ = 32.73 ± 0.04 mag.
Explosion epoch
We use the SNID code (Blondin & Tonry 2007) to constrain the explosion epoch of SN
2015ba, which has been tested in the works of Anderson et al. (2014b) and Gutiérrez et al. (2017) . This code matches the SN spectrum to a library of spectral templates, and uses cross-correlation technique to constrain the explosion epoch. Since most spectral lines lie at the blue wavelengths, we perform our fits in the wavelength range 3500 to 6000Å. The quality of the fit is represented by the 'rlap' parameter, with higher value implying a better correlation. From the best three matches, we derive a mean value of 12.5 ± 7.3 d from explosion for the spectrum obtained on 2015 December 4 (JD 2457360.67), which provides 2015 November 21.5 UT (JD 2457348.2 ± 7.3) as the explosion date. The best three matches with the rlap parameter, are listed in Table 3 .
The EPM also gives an approximate explosion epoch (see Section 5 for details), as 2015
November 23.2 UT (JD 2457349.7 ± 1.0), which is consistent with that estimated using SNID. Therefore, we adopt throughout the paper 2015 November 23 (JD 2457349.7 ± 1.0)
as the most reliable explosion epoch (t 0 ) of SN 2015ba.
Extinction
In order to gain insights on the true nature of an event and to derive physical parameters from photometry, it is important to estimate the Galactic and the host extinction in the SN direction. The Galactic extinction in the direction of IC 1029 corresponds to a colour excess of E(B−V) = 0.0153 ± 0.0003 mag (Schlafly & Finkbeiner 2011) . There are various methods for a crude estimation of host galaxy extinction. In our case, we inspect three methods: i) fitting a blackbody function to the early spectral energy distribution (SED) of the SN, ii)
estimating from the equivalent width (EW) of Na I D line, and iii) using the 'colour method' suggested by Olivares et al. (2010) .
The comparison of the early spectral shape of a classical SN to a blackbody function can provide an upper bound of the colour excess, as discussed by Eastman et al. (1996) . With increasing extinction values, the blackbody spectra will start to deviate from the continuum, by varying the amount of reddening. We used the reddening law of Cardelli et al. (1989) with a total-to-selective extinction ratio (R V ) of 3.1 to deredden the observed fluxes. The best fit temperature corresponding to each value of the colour excess is shown in Figure 1 . This exercise sets an upper limit of E(B−V) to 0.55 mag above which the temperature becomes unphysical.
The presence of a narrow Na I D line in the spectra of SN 2015ba at the redshift of the host galaxy ( Figure 2 ) is a possible indication of extinction within the host. Several empirical relations exist to correlate the EW of Na I D to the colour excess E(B−V). The EW of the Na I D lines in five spectra with good signal-to-noise ratio are tabulated in Table 4 . However, most of these relations show a large scatter and are unreliable with low-resolution spectra (Poznanski et al. 2011) . Munari & Zwitter (1997) showed that the lines saturate for EW of Na I D 0.6Å, hence leading to an underestimate of the colour excess. Nevertheless, we have listed all the existing relations in Table 5 and calculated the corresponding E(B−V) values.
The third method implemented in the calculations of the colour excess E(B−V) is the 'colour method'. This predicts that all SNe IIP should reach the same intrinsic colour towards the end of the plateau phase. It assumes that the opacity of a SN IIP is dominated by electron-scattering, and will attain the recombination temperature of hydrogen at the end of plateau phase. Hence, the difference in the observed and the intrinsic colours may be attributed to reddening due to dust along the line of sight. Using a library of SN II spectra, Olivares et al. (2010) computed a conversion factor between E(V−I) and A V and suggested the following prescription:
We calculate the weighted mean of (V − I) colours (corrected for Galactic extinction) on The reddening estimate using the equivalent width and the colour method are consistent with each other within the errors, and are listed in Table 5 . We, therefore, compute the weighted mean of the host galaxy reddening as E(B−V) host = 0.44 ± 0.05 mag. The total E(B−V) due to host and Milky Way is 0.46 ± 0.05 mag, which is adopted throughout the paper.
TEMPORAL EVOLUTION OF SN 2015BA LIGHT CURVE
A careful study of the light curve properties is essential for the characterization of the event and constrain the properties of the explosion. By comparing the light curve parameters such as the mid-plateau absolute magnitude inV-band with those of other archetypal SNe IIP, one can sub-classify the events as sub-luminous, normal or over-luminous. Moreover, the steepness of the plateau indicates the extent of the thermalization of the ejecta, with a flatter plateau indicating efficient thermalization and higher 56 Ni mass yield. Hydrodynamical modelling of Bersten et al. (2011) showed that extensive mixing of 56 Ni is required to produce flatter plateaus. 1999em, 1999gi, 2004dj, 2012aw, 2013ab, 2014cx, ASASSN-14gm and 2016X, and the intermediate luminosity SNe 2008in, 2009N in the sample. Our sample includes a total of 17 events. The parameters of the comparison sample are listed in Table 6 .
Main Light Curve features
SN 2015ba was discovered ∼5.6 d after explosion (t 0 taken from Section 3.2), caught dropping off from the peak and settling onto the plateau. The BVRI and ugriz light curves ranging from 8 to 272 d since explosion are shown in the top panel of Figure 3 . We have limited number of measurements at late epochs, and observations were obtained only with the griz filters. We converted the g-band data in the tail to V-and B-band using the relations (1) and (6) given in Jordi et al. (2006) . In the bottom panel of Figure 3 , we show the V-band light curve of SN 2015ba along with other SNe IIP. While the plateau length of SN 2015ba Takáts et al. 2015) , the magnitude drop from the plateau to the nebular phase is larger for SN 2015ba (∼3 mag).
The decline rate in the r-band of SN 2015ba in the first 50 days is ∼0.5 mag, consistent with the criterion suggested by Li et al. (2011) , that the drop in R-band magnitude in the first 50 days for SNe IIP is ≤ 0.5 mag. The B-band decline rate of SN 2015ba is 2.9 mag 100 d
which is also typical of SNe IIP (Patat et al. 1994) . The mid-plateau absolute magnitude of
) is −17.1 ± 0.2 mag, well within the magnitude limits of normal Type IIP SNe (−18 < M p V < −15, Patat et al. 1994) . While, all these numbers suggest that SN 2015ba belong to the plateau sub-group of Type II events, the decline rate in the V-band for SN 2015ba in the first 50 days is 0.69 ± 0.05 mag and is higher than that used by Faran et al. (2014a) to filter out Type IIP events from their sample.
Further, we carried out a comparison of the plateau lengths of SNe IIP sample by fitting the analytic function provided in Valenti et al. (2016) , as given below:
where t is the time from explosion in days, t P T is the time in days from explosion to the transition point between the end of the plateau phase and start of the radioactive tail, a 0 is the depth of the drop from plateau to radioactive tail, w 0 is the slope of the drop and p 0 constrains the slope before and after the drop. We fitted this function to the V-band light curve of SN 2015ba and the best fit value of a 0 is 3.01 ± 0.09 mag in ∼20 d, which corresponds to the upper limit of the range of 2-3 mag drop for typical SNe IIP (Olivares et al. 2010) , while this exceeds the range (1-2.6 mag) suggested by Valenti et al. (2016) . The same exercise is done for the comparison sample, and the best fit values are listed in Table in magnitude from plateau to nebular phase is maximum for SN 2005cs (4.07 ± 0.05 mag) and minimum for SN 2016X (1.33 ± 0.04 mag).
We reproduced the plot between absolute peak V magnitude and a 0 from Valenti et al.
(2016) along with three additional SNe IIP (SNe 2014cx, 2016X and 2015ba; marked in red) from our sample (Figure 4 ). The three objects in Valenti et al. (2016) sample which shows high a 0 are SNe 2005cs, 2013bu and ASASSN-14ha, which are also low-luminosity SNe IIP.
As noted by Valenti et al. (2016) , the two parameters (a 0 and Vmagnitude max ) seem to correlate, however, the correlation is largely affected by the significant drop of the three faint SNe and the small drop of SN 1979C.
Colour curves
The temporal evolution of reddening-corrected broadband colours provide important clues After ∼144 d, when the SN enters the nebular phase, the colours become bluer. The overall evolution is similar to typical SNe IIP with the colours being marginally bluer than those of the comparison SNe IIP.
DISTANCE
There are several redshift independent distance estimates listed in NED for the host galaxy IC 1029. However, the values are inconsistent and vary over a large range (31.1 -105 Mpc).
For this reason, we carry out an independent estimate of the distance to SN 2015ba using the EPM and SCM prescriptions. The EPM is a variant of the Baade-Wesselink method to estimate SN distances (Kirshner & Kwan 1974) . It compares the linear and angular radius of homologously expanding optically thick SN ejecta to compute the SN distance.
The SCM (Hamuy & Pinto 2002 ) is based on the correlation between the SN brightness and the expansion velocity in the middle of the plateau. It needs less input data, but requires calibration via SNe with well-established distances. We discuss these methods in details below.
Expanding Photosphere Method (EPM)
The early phase of a SN, when the ejecta is fully ionized and electron scattering dominates the total opacity at the photosphere, can be approximated to be radiating as a diluted blackbody.
The angular radius of the expanding ejecta at any time t can then be approximated as:
where B λ is the Planck function at colour temperature T c , f λ is the flux density received at Earth, A λ is the extinction, and ζ λ (T c ) is the colour temperature dependent "dilution factor" and R = v(t − t 0 ), where (t − t 0 ) is the time since explosion.
Recasting this equation in terms of broadband photometry by integrating over the filter response function, we get 
The coefficients C i 's are listed in Table 13 of Hamuy et al. (2001) .
Minimizing the quantity,
we get ζ λ θ and T c simultaneously. The errors in ζ λ θ and T c are estimated by randomly mixing the magnitudes with uncertainties drawn from their normal distribution, thereby generating a sample of 1000 data points. The standard deviation of the result gives the error for these quantities.
The dilution factors ζ can be expressed as a function of T c from atmospheric model calculations. Dessart & Hillier (2005b) used second order polynomial fits to the distribution of dilution factors versus blackbody colour temperatures,
We estimated θ adopting the coefficients from Dessart & Hillier (2005b) and the values obtained are listed in 
The linear fit to the data is shown in Figure 6 and the distance and explosion epoch estimates from the fit are 36.6 ± 1.9 Mpc and 5.6 ± 1.0 days before the discovery date (2015 November 28.8 UT, JD 2457355.3), respectively.
Standard Candle Method
The SCM has several versions (Nugent et al. 2006; Poznanski et al. 2009; Olivares et al. 2010) with different SNe samples, but, yielding consistent results. We will discuss two versions and use their average value as the SCM distance estimate. The value of Hubble constant adopted below is H 0 = 73.24 ± 1.74 km s −1 Mpc −1 (Riess et al. 2016 ).
i) The version of Poznanski et al. (2009) used the measured brightness, expansion velocity of a sample of 34 SNe with known distances to calibrate the equation
where M I = −1.615 ± 0.08 mag, α = 4.4 ± 0.6, R I = 0.8 ± 0.3 and (V − I) 0 = 0.53 mag.
Note, that the R I value used here differs from the Cardelli et al. (1989) value (R I = 1.36).
We measure the I-band magnitude of SN 2015ba on day +50 as m I = 16.07± 0.04 mag, (V −I) = 0.954±0.01 mag and V F eII = 3332± 55 km s −1 and obtain a distance D = 28.8±2.6
Mpc.
ii) Olivares et al. (2010) used the magnitudes and velocities measured 30 days before the middle of the transition phase (t P T ) in the relation of Hamuy & Pinto (2002) 
and calibrated the formula using a sample of 37 nearby SNe IIP. The coefficients α, β and zp are different for V and I bands. We determine t P T − t 0 = 140.7 d after explosion (see Mpc and 31.2±2.3 Mpc using equation 11 for V and I bands respectively. However, note that K-correction has not been applied in this case.
The SCM distance estimates using the above two methods are consistent with each other.
The weighted SCM distance is 30.1 ± 1.4 Mpc. We list the distance estimates obtained via recessional velocity, EPM and SCM in Table 2 . The weighted mean of these distances is 34.8 ± 0.7 Mpc and has been adopted throughout the paper.
TEMPERATURE AND RADIUS
We also determine the photospheric temperature and the radius evolution by constructing SEDs with the BVI photometric fluxes at each epoch and fitting it with a Planck function until ∼ 140 d. We have also applied the dilution factor correction (Dessart & Hillier 2005b) corresponding to the BVI filter set to the blackbody radii to estimate the photospheric radii.
As shown in Figure 7 , the temperature drops from 20000 K at 10 d to 6300 K at 50 d since explosion due to rapid adiabatic cooling, and thereafter it declines very slowly to 5300 K at 100 d since explosion. The slow decline of the late phase is due to the low opacity of the ejecta which favours cooling through photon energy diffusion. The photospheric radius shows a constant growth up to ∼ 70 d and then remains nearly constant until 115 d. During the plateau phase, due to the declining electron density, the photosphere remains contiguous to the receding recombination front on top of the expanding envelope, leaving the photospheric radius nearly constant. Afterwards, the radius starts to decrease up to 140 d, beyond which the SED cannot be compared to a blackbody any longer. Figure 8 presents the spectral evolution of SN 2015ba from ∼ 9 d to ∼ 141 d after explosion, with a preliminary identification of absorption features. This is necessary to get an idea of the overall structure of the envelope with the revelation of deeper layers at later times.
SPECTRAL ANALYSIS
Prominent features of H are visible throughout the evolution. We attempt a detailed line identification at two phases, 8.9 d and 53.8 d spectrum using the SYN++ (Thomas et al.
SYN++ is an evolution of SYNOW, which uses the Sobolev approximation to produce synthetic spectra of SNe during the photospheric phase. SYN++ assumes that spectral lines are formed via resonance scattering above a sharp photosphere and the ejecta are homologously expanding. The location of the photosphere is expressed in velocity coordinates as v ph (in km s −1 ). With the optical depths for each species, line strengths are computed assuming Boltzmann excitation (i.e., local thermodynamic equilibrium) using a specified excitation temperature T exc (in K). Non-local thermodynamic equilibrium effects are partially accounted for by allowing different T exc values for each species, that can be different from the photospheric temperature T phot . The latter is used only for computing the blackbody radiation emitted by the photosphere.
The early spectrum mostly exhibits broad H and He I lines superposed on a blue continuum, which are fairly well-reproduced in the synthetic spectrum. There is a weak but 
Early phase features
The early spectra (8.9-12.9 d) are characterized by a few broad P-Cygni profiles superimposed on a blue continuum. The most prominent are the H and He I λ5876 lines. Hα has a weaker absorption component as compared to other H I lines. The 8.9 d spectrum modelled using SYN++ suggests the absorption feature at ∼ 4560Å arises from the excitation of He.
We compared the 8. 
Plateau phase
As the SN expands and cools, the opacity drops and the continuum becomes redder. Metal possibly be attributed to noise in the spectra, but a similar feature is detected for Hβ.
This supports that it is an intrinsic feature. Jerkstrand et al. (2015) suggested that double peaked profiles may arise from dust in the circumstellar medium at very late epochs ( 400 d). However, at the epochs ranging from 200-300 d, Jerkstrand et al. (2015) state that dust will have negligible effect on the optical spectra of SNe IIP. We, therefore, disfavour an effect of dust, and suggest this to be an artifact due to background line contamination. 
Evolution of the line profiles
The evolution of Hα, Hβ, Na I D and Ba II λ6142 lines from 14.9 to 140.6 d is shown in Figure 14 in the velocity domain and centered at the rest wavelengths of these lines. The
Hα feature is broad and weak at early phases and becomes stronger and narrower at late phases. The profiles of Hβ, Na I D and Ba II λ6142 are hardly discernible at early phases and only gain prominence at later phases. The He I 5876 line is visible at early phases at the position of Na I D line, and gradually attenuates while the Na I D line emerges.
A blueshifted emission profile is seen for Hα as well as Hβ line, which gradually shifts to redder wavelengths, reaching zero velocity at the end of plateau phase. As pointed out by Chugai (1988) and later by Jeffery & Branch (1990) , the blueshifted emission peak results from the diffuse reflection by the photosphere of the resonance photons emitted in the SN atmosphere that are not absorbed because of the dominant electron scattering opacity at early phases. However, Anderson et al. (2014a) carried out an analysis of a sample of SNe IIP and linked the blueshift to the steep density structure of the ejecta, which gives rise to strong occultation effects in the receding part of the ejecta, shifting the emission peak towards the blue. Such blueshifted emission lines have been successfully modelled by Dessart & Hillier (2005a) using the non-LTE model CMFGEN, taking into account the steep density profile of ejecta. Since Hα is the strongest emission line in SN II spectra, the velocity offset is more conspicuous in this line as compared to other emission lines, although the peaks of other emission lines are also blueshifted by a smaller amount.
We also observe a non-evolving, narrow absorption component to the blue side of H I lines from the 89.7 to 140.6 d spectra of SN 2015ba (marked with dash-dotted lines in Figure   14 ). This component is most conspicuous in Hα trough at ∼ 6420Å and is detectable in the blue wings of Hβ at ∼ 4750Å in the 124.9 and 137.9 d spectra. This component has been observed at the mid-plateau epochs in several SNe II (Baron et al. 2000; Leonard et al. 2002a; Chugai et al. 2007; Inserra et al. 2012; Valenti et al. 2014; Bose et al. 2015b; Gutiérrez et al. 2017 ) and has been attributed to either Si II 6355Å or high velocity (HV) hydrogen lines as a result of weak interaction between the SN ejecta and the RSG wind. However, this feature does not seem to evolve with time in SN 2015ba like other species in the shell, hence it is not arising from Si II. Chugai et al. (2007) suggested that the blue shoulder in the absorption profile of H I lines originate from the excitation of the cool, dense shell formed at the interface of the SN ejecta and CSM. Considering this feature to be HV components of Hα and Hβ, both of these are observed at about 6800 km s −1 from the rest wavelength of these lines, which supports the identification of these components as HV Balmer lines. We are also able to model this feature in the 137.9 d spectrum with a high velocity component of H I in the SYN++ modelling as shown in Figure 15 , which further strengthens our assumption.
Velocity Evolution
The photospheric velocity of the ejecta traces the velocity of propagation of the recombination wave which in turn depends on the physical conditions of the ejecta such as the temperature, density and extent of mixing of elements in the ejecta. Dessart & Hillier (2005b) described the photosphere as the layer where the continuum optical depth is ∼ 2/3. However, there is no single prescribed line which can accurately represent the true photospheric layer and its velocity. We used Fe II 5169 line as a proxy for the photospheric velocity in the plateau phase (Dessart & Hillier 2005b) while at early phases, He I 5876 line is used as suggested in Takáts & Vinkó (2012) . The velocity is determined from the shift in the absorption minima of these lines or through spectral modelling. We also compute the radial velocity from the absorption minima of Hα, Hβ and Sc II lines. These lines form in the outer layers of the envelope, exhibiting higher expansion velocities than the Fe II lines. However, we also note the drop in velocity of Hβ at later phases, indicative of the presence of hydrogen in the deeper ejecta layers.
The photospheric velocity evolution of SN 2015ba is compared to other SNe IIP in Figure   17 . 8 EXPLOSION PROPERTIES
Bolometric light curve
The bolometric light curve, with contributions ranging from the ultraviolet (UV) to the infrared (IR) domains, is a useful tool to derive the physical parameters of the explosion such as the synthesized 56 Ni mass, and the mass and kinetic energy of the ejecta. However, a well-sampled data set over all wavelengths is usually rare. Therefore, we construct a pseudobolometric light curve by integrating the fluxes in BVri bands only.
We convert the dereddened BVri magnitudes of SN 2015ba to fluxes using the zero points adopted from Bessell et al. (1998) and Fukugita et al. (1996) . We integrate over the filter bandpass using these monochromatic fluxes implementing a trapezoidal integration rule, and for each epoch we obtain the pseudo-bolometric flux. Adopting a distance of 34.8 ± 0.7 Mpc, we compute the pseudo-bolometric luminosity (L BV ri ).
The pseudo-bolometric light curve of SN 2015ba is compared with those of the SNe sample in Figure 18 . We generate the pseudo-bolometric light curves of all comparison SNe using the method described above for consistency. The luminosity of SN 2015ba in the plateau phase is comparable with that of the luminous SN 2004et and ASASSN-14gm. However, the constant luminosity phase is extended for SN 2015ba, possibly indicating a massive hydrogen envelope. Due to limited multiband data in the radioactive tail phase, we are unable to estimate the pseudo-bolometric luminosities for SN 2015ba at late phases.
We construct the true bolometric light curve, using the direct integration module in respectively.
56 Ni mass
The nebular phase light curve is thought to be powered by the radioactive decay of 56 Co to 56 Fe resulting in the emission of gamma rays and positrons. As the ejecta in the nebular phase are still opaque to gamma rays and the 56 Co is the radioactive decay product of 56 Ni, the luminosity is proportional to the 56 Ni nucleosynthesized at the time of shock breakout.
We determine the mass of 56 Ni using the bolometric luminosity by adopting two empirical methods discussed below.
56 Ni mass from tail luminosity
Assuming that the deposition of γ-photons and positrons emitted from radioactive decay of 56 Co results in the thermalization of energy in the ejecta, 56 Ni mass can be independently estimated from the tail luminosity, as described by Hamuy (2003) :
where t 0 is the explosion time, 6.1 days is the half-life time of 
where D is the distance in cm and BC is the bolometric correction in the nebular phase. 
Analytical modelling
The physical parameters of SN 2015ba such as the explosion energy, ejected mass and initial radius can be estimated using the two-component semi-analytical modelling of Nagy et al.
(2014) and Nagy & Vinkó (2016) incorporating a dense inner core and an extended low mass envelope. This technique uses the radiative diffusion model to include the effect of the recombination front in the ejecta which was originally developed by Arnett & Fu (1989 We used a constant density profile for the core and the shell. The best fit ejecta mass, progenitor radius and explosion energy are 22 M , 4.8 × 10 13 cm (∼ 690 R ), and 2.3 foe respectively and the total mass of the progenitor, assuming 1.3-2.0 M remnant mass, is 24 M . The mass of 56 Ni estimated from the fit is 0.032 M , which is consistent with the value derived from tail luminosity.
The parameters of the outer shell can also be estimated using this model, like the radius of the H-envelope (R = 2.6 × 10 13 cm). Although the poor sampling of the early light curve makes this value not reliable enough for consideration, yet we consider this value as a lower limit for this explosion. The data along with the best fit model is shown in Figure 19 . The parameters of the shell and core are listed in Table 10 .
Hydrodynamical modelling
We derive the SN progenitor's physical properties at the time of the explosion (namely, the ejected mass M ej , the progenitor radius R and the total -kinetic plus thermal -energy E)
by means of a well-tested radiation-hydrodynamical modelling procedure already applied to many other observed SNe (e.g. SNe 2007od, 2009bw, 2009E, 2012A, 2012aw, 2012ec, 2013ab, 2013am, 2014cx, and OGLE-2014 Based on the adopted explosion epochs (Section 3.2), bolometric luminosities (Section 8.1) and nickel masses (Section 8.2), we find the best-fitting model shown in Figure   20 . It has E= 1.6 foe, R= 4.8× 10 13 cm (∼ 690 R ), and M ej = 24 M . Considering the 2σ confidence intervals for one parameter based on the χ 2 distributions produced by the semi-analytical models, we estimate that the error due to the χ 2 fitting procedure is about 15-20 per cent for M ej and R and 30-40 per cent for E (see Pumo et al. 2017 , for details on the procedure used for the error estimate).
The values of the best-fit model parameters are consistent with the explosion of a relatively massive red supergiant (RSG) star. In particular, adding the mass of the compact remnant (∼ 1.3-2 M ) to that of the ejected material, we obtain a total stellar mass at the time of the explosion of ∼ 25.3-26 M . This value seems to indicate a progenitor mass clearly higher than the observational limit of 16.5 ± 1.5M of the Type IIP events that raised the so-called "RSG problem" ). High progenitor mass has also been estimated for SN 2012aw from the hydrodynamical modelling (∼ 22 M ; Dall'Ora et al. 2014). Moreover the inferred progenitor's mass is fully consistent (within the errors) with the maximum mass for a SN IIP progenitor found more recently by Walmswell & Eldridge (2012) although the dependability of such higher limit values is strongly debated (e.g. Kochanek et al. 2012 ).
We also note that the moderately small amount of oxygen and 56 Ni found in the ejecta of SN 2015ba should be not in contrast with a relatively massive progenitor scenario given 1) the uncertainties in modelling the mixing processes of the stellar inner layers that may lead to a not clear connection between the progenitor mass and the nucleosynthesis efficiency (e.g. Jerkstrand et al. 2014) , and 2) the non-monotonical link among the pre-supernova structure, the explosion properties and the progenitor mass (Woosley et al. 2002; Sukhbold & Woosley 2014; Ertl et al. 2016 ). Finally we point out that, although the progenitor masses estimated from the hydrodynamical modelling are generally higher to be consistent with those determined from direct observations of SN progenitors, the code used here gives lower progenitor masses (compared to other hydrodynamical codes) that are often consistent with mass estimates from the direct progenitor detection method and, more in general, from other independent methods such as the modelling of the observed nebular spectra (e.g. Tomasella et al. 2013; Pumo et al. 2017) . Here the inferred progenitor's mass is in good agreement with that found using the independent analytical modelling reported in Section 8.3.
SUMMARY
The photometric and spectroscopic data and analysis of SN 2015ba in IC 1029 is presented in this paper. This is a relatively bright SN IIP with a strikingly long plateau (∼ NaID 5893 Figure 2 . The narrow Na I D absorption dip due to host galaxy, IC 1029. The spectra on 8.9, 12.9, 14.9, 36.9 and 74.0 day with SNR > 50 at 0.6 µm are used to estimate the host galaxy extinction. , et al., 2014b, MNRAS, 445, 554 Fraser M., 2016, MNRAS, 456, L16 Fukugita M., Ichikawa T., Gunn J. E., Doi M., Shimasaku K., Schneider D. P., 1996, AJ, 111, 1748 Gandhi P., et al., 2013, ApJ, 767, 166 Grassberg E. K., Imshennik V. S., Nadyozhin D. K., 1971, Ap&SS, 10, 28 Graur O., Bianco F. B., Modjaz M., Shivvers I., Filippenko A. V., Li W., Smith N., 2017, ApJ, 837, 121 Leonard et al. (2002a) , (4) Leonard et al. (2003) , (5) Leonard et al. (2002b) , (6) Vinkó et al. (2006) , (7) Sahu et al. (2006) , (8) Misra et al. (2007) , (9) Table 7 . Best fit values of t P T , a 0 and w 0 using (Valenti et al. 2016 ) expression. Table 8 . The derived parameters of SN 2015ba needed to apply EPM: the angular size (θ), photospheric temperature (T ), dilution factor (ζ λ (T )), and the interpolated photospheric velocity (v ph ). -2015-12-12 18.9 6.3 ± 0.1 -2015-12-17 23.9 -6.7 ± 0. , ApJ, 850, 89 Hamuy M., 2003 Hamuy M., Pinto P. A., 2002 , ApJ, 566, L63 Hamuy M., Suntzeff N. B., 1990 , AJ, 99, 1146 Hamuy M., et al., 2001 Heger A., Fryer C. L., Woosley S. E., Langer N., Hartmann D. H., 2003, ApJ, 591, 288 Hendry M. , ApJ, 832, 139 Huang F., et al., 2018 , MNRAS, 475, 3959 Inserra C., et al., 2011 , MNRAS, 417, 261 Inserra C., et al., 2012 , MNRAS, 422, 1122 Table A1 . For template subtraction, the images were first registered astrometrically to the template image and subsequently subtracted using High Order Transform of PSF ANd Template Subtraction (HOTPANTS) 4 . We used the point spread function constructed using the unsubtracted SN frames to derive the SN magnitudes from the subtracted frames. Figure where X is the airmass and the site extinction coefficients k λ are 0.21, 0.12, 0.08 and 0.05 mag per unit airmass for the B, V, R and I bands respectively (Stalin et al. 2008) . The rms scatter between the observed and standard magnitudes of the Landolt field stars are ∼ 0.08 mag in B, ∼ 0.04 mag in V and I and ∼ 0.03 mag in R. We used these coefficients to generate a photometric sequence of 8 non-variable stars in the SN field. Observations of standard fields and subsequent calibrations were also performed with the Las Cumbres Observatory (LCO) telescopes on multiple photometric nights. We picked the 8 local standards chosen before and calibrated their magnitudes in ugriz and BV filters. Since, the B and V bands are in common to ARIES, LCO and ASIAGO data, to maintain uniformity we preferred to use LCO secondary standard magnitudes for all BV bands data. Similarly, to calibrate the ugriz data obtained from LCO and ASIAGO, we used the LCO secondary standard ugriz magnitudes.
The 8 local standards are marked in Figure A2 , and their magnitudes are tabulated in Table A2 . Night to night zero points were estimated and applied for obtaining the final SN magnitudes. The combined PSF fitting and photometric calibration errors propagated in quadrature are listed in Table A3 .
APPENDIX B: SPECTROSCOPY
We performed the initial pre-processing steps on each frame, like bias subtraction, flatfielding, trimming and eliminating the cosmic hits from the frames using the L.A. Cosmic routine (van Dokkum 2001). One dimensional spectra were extracted using the APALL task, and then wavelength and flux calibrated using arc lamps and spectrophotometric standardstar spectra respectively observed at a similar airmass during the same night. Night sky emission lines were used to check the wavelength calibration, and shifts were applied when necessary. On the nights when standard star observations were unavailable, we used the sensitivity function, generated using STANDARD and SENSFUNC tasks, of the standard star observed in a close by night for flux calibration. The calibrated spectra were compared with the photometry and, when necessary, multiplied by a constant factor to correct for atmospheric transparency, bad-seeing conditions and slit losses to match the spectroscopic and photometric continuum flux. Finally, each spectra were de-redshifted to the heliocentric frame using the DOPCOR task.
This paper has been typeset from a T E X/L A T E X file prepared by the author.
